Primary pneumonic plague is contracted when the causative agent, Yersinia pestis, a 2 category A agent [1] , is inhaled during human-to-human transmission, and is considered 3 one of the diseases most likely to be caused in the event of a bioterrorist attack. The 4 case-fatality reaches almost 100% without appropriate chemoprophylaxis or treatment 5 immediately after onset [2] . Despite studies exploring other forms of the infection (e.g., 6
bubonic plague [3] ), the transmission mechanisms of primary pneumonic plague have 7 remained unclear mainly due to limited data availability. To date, mathematical studies 8 assuming population dynamics have suggested that rapid countermeasures (e.g., 9
chemoprophylaxis and contact tracing) are crucial to contain the outbreak [4, 5] , and in 10 light of this, it is important to further understand the natural history of this disease. 11
In particular, infectiousness relative to the time-course of disease (i.e., disease-age) 12 plays a key role in determining the feasibility of disease control [6] . Targeted control 13 measures, including isolation and contact tracing, have to be implemented as early as 14 possible during the infectious period, and thus, their effectiveness largely depends on 15 the time-course of infectiousness. One approach is to quantify how the pathogen load 16 changes over time by using the most sensitive microbiological techniques (e.g., Time polymerase chain reaction), but such observations are practically limited to the 18 -5 -time after onset of symptoms and the pathogen load information can only be a useful 1 measure of infectiousness if it is correlated with actual transmission. Although previous 2 studies tended to focus on the overall transmission potential measured by the basic 3 reproduction number, R 0 , the average number of secondary cases arising from a single 4 primary case in a fully susceptible population [7] , disease-age specific infectiousness 5 was, for simplicity, frequently assumed constant during the infectious period and almost 6 ignored for diseases with acute course of illness. To improve this understanding, the 7 present study proposes an epidemiological evaluation method, based on the distribution 8 of the incubation period and the transmission network (who acquired infection from 9 whom), to estimate how plague infectiousness varies over the course of illness. The 10 present study was aimed at estimating the frequency of secondary transmissions of 11 pneumonic plague relative to disease-age using historical outbreak data. 12
13

MATERIALS AND METHODS
14
Theoretical basis and data 15 First, this study applied a simple backcalculation method to estimate the frequency 16 of secondary transmissions relative to disease-age, as recently employed for a study of 17 smallpox [8] , and second, attempts to extend this method. In the following, "disease-6 -age" is measured as the time since onset of symptoms (i.e., disease-age t = 0 denotes the 1 onset of fever). This approach is based on two of the known distributions, the serial 2 interval and incubation period. Serial interval is defined as the time from symptom 3 onset in a primary case to symptom onset in a secondary case [9, 10] . The distribution of 4 serial intervals can be extracted from the transmission network in historical datasets, 5 which includes information on who infected whom [11, 12] . This study uses a total of 6 177 serial intervals from 4 outbreaks; 88 intervals in Manchuria 
Statistical analysis 5
By definition, the serial interval s is decomposed as the sum of time from the onset 6 of a primary case to secondary transmission, u, and incubation period of secondary 7 cases, f, i.e., 8
Thus, supposing that the number of secondary transmissions occurring u days after the 10 onset of primary case (including the days for u < 0) was λ(u), the expected number of 11 serial intervals of length t is given by the convolution equation: 12
where k(i) denotes the secondary cases infected by primary case i, and their times of 14 onsets are t k(i) and t i , respectively. Considering that primary cases could acquire 15 infectiousness before the onset of disease, I assume the potentially contagious period to 16 x = 2 days before onset of primary case i. Two days was selected because more than 17 90% of observed cases experienced an incubation period longer than 2 days (i.e., the 18 -8 -secondary transmission from primary to secondary cases cannot occur before the 1 primary case gets infected). Since s t and f τ−u are given, λ(u), the frequency of secondary 2 transmissions relative to disease-age, can be determined using the deconvolution 3 procedure [18]. It should be noted that this approach assumes an independence of 4 secondary transmissions during the course of disease. Moreover, various intrinsic (i.e. 5 varying contact frequencies by disease-age due to disease progression) and extrinsic 6 factors (e.g., isolation measures) influencing the frequency of transmissions are ignored. 
Referring to the observed maximum serial interval, I assume that Day 18 is the 13 maximum disease-age to observe secondary transmission. Assuming that λ(u) is generated by a nonhomogeneous Poisson process, resulting in s t serial intervals of 1 length t, the likelihood function, which is needed to estimate λ(u), is proportional to (4). The 95% confidence intervals (CI) were determined 6 using the profile likelihood. 7
An extension was then made to account for the lethal course of illness in pneumonic 8 plague. Figure 1b shows the disease-age specific survivorship of primary pneumonic 9 plague (n = 166; i.e., the survival curve of the time from onset to death [11] ). The mean 10 (median and SD) was 2.3 (2.0, 1.7) and the maximum length of survival was 12 days. It 11 should be noted that the probability of survival for 4 days after onset was only 4.8% 12 (95% CI: 0.8, 8.1), reflecting extremely acute and severe course of illness [2] . Although 13 the above simple model reasonably suggests the relative frequency of secondary 14 transmissions, the estimate is most likely biased by survivorship of cases. Thus, 15 regarding the obtained frequency of secondary transmissions as an implication of the 16 disease-age specific infectiousness, adjustment for the underestimation of the 17 infectiousness during later stage of disease is important. Let g(u) the disease-age 18 -10 -specific probability of survival which is assumed to be known (as shown in Figure 1b) , I 1 replaced the step function model (equation (3) 
The model assumes the maximum disease-age to cause secondary transmission is Day 4 11 according to survivorship. Intervals for the piecewise constants differ from equation 5 (3) to appropriately capture the observed patterns of secondary transmission. The 6 likelihood function was derived in the same way (i.e., equation (4)) and the maximum 7 likelihood estimates of parameters (ω u ) were obtained. to explain the bimodal pattern of disease-age specific infectiousness by biological 16 mechanisms only (i.e., natural history), and the low frequency between Days 3-6 may 17 not indicate that the cases in these disease-ages are less infectious than other stages. 18 -12 -Thus, the frequency is still likely biased by both intrinsic and extrinsic factors to deem 1 as disease-age specific infectiousness. Both the numbers of those who are considered as 2 infectious and those hospitalized and isolated widely vary over the course of illness [8] . 3 Therefore, the extended model can only suggest that the infectiousness in later stage of 4 illness (i.e., disease-age greater than 4 days) is not insignificant. assumptions, the present study is the first to explicitly estimate the disease-age specific 4 frequency of pneumonic plague based on empirical evidence. 5
Since this method would offer less costly and reasonable evaluation of disease-age 6 specific contagiousness and secondary transmissions and because this approach has the 7 potential to quantify the effectiveness of isolation measures, further evaluation with 8 different datasets are planned. In conclusion, this study applied the backcalculation 9 method to estimate the frequency of secondary transmissions, showing that known 10 distributions of the incubation period and serial interval offer key information relevant 11 to disease-control. 12
